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Mitotic Spindles and Cleavage Planes Are
Oriented Randomly in the Two-Cell Mouse Embryo
two-cell embryos. This argues against a prepatterning
of the mouse embryo before compaction.
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Using time-lapse video recording, we have examinedUniversite´ Pierre et Marie Curie
the orientation of the second cleavage planes (the two-9 Quai St. Bernard
to four-cell-stage transition) for evidence of a cleavage75252 Paris cedex 05
pattern. Because the zona pellucida seems to exert aFrance
constraining effect on the packing and relative position-2Sackler Faculty of Medicine
ing of blastomeres in cleaving embryos [21, 22], it wasTel Aviv University
necessary to determine the orientation of the mitoticRamat Aviv, 69978
spindles and their behavior during mitosis. To this end,Israel
late one-cell/early two-cell embryos were microinjected
with a mRNA encoding tubulin-GFP [23] to enable us to
follow the different stages of mitosis (Figure 1 andMovie
1). Alternatively, embryos were stained vitally with bis-Summary
benzimide (Hoechst 33258) [24] allowing us to follow
chromosome dynamics to avoid themicroinjection step.Most experimental embryological studies performed
Embryos were then cultured and observed under a time-on the early mouse embryo have led to the conclusion
lapse multimode videomicroscope [25]. In these condi-that there are nomosaically distributed developmental
tions, mitosis takes 68  20 min (mean  SD; n  62)determinants in the zygote and early embryo (for ex-
and anaphase onset (Figures 1J, bottom blastomere,ample see [1–6]). It has been suggested recently that
and 1S, top blastomere) takes place 50  18 min after“the cleavage pattern of the early mouse embryo is
nuclear envelope breakdown (Figures 1A, bottom blas-not random and that the three-dimensional body plan
tomere, and 1J, top blastomere). Cytokinesis (Figuresis pre-patterned in the egg” (in [7] for review see [8–
1O, bottom blastomere, and 1X, top blastomere) hap-10]). Two major spatial cues influencing the pattern of
pens 19  6 min after anaphase onset.cleavage divisions have been proposed: the site of the
After the mitotic spindle formed, its orientation didsecond meiotic division [11, 12] and the sperm entry
not change until cleavage (Figures 1C–1I). Only at thepoint [13, 14], although the latter is controversial [15–
time of cleavage, during late anaphase, do the forming17]. An implication of this hypothesis is that the orien-
daughter cells change their relative positions (Figuretations of the first few cleavage divisions are stereo-
1L–1O), probably because of the spatial constraints ex-typed. Such a define cleavage pattern, leading to the
erted by the zona pellucida during anaphase B, whensegregation of developmental determinants, is ob-
the spindle elongates. Nonetheless, the cleavage planeserved in many species [18]. Recently, it was shown
itself is determined by the initial position of the spindlethat the first cleavage plane is not predetermined but
(Figure 2 and Movies 2–4) as it has been described fordefined by the topology of the two apposing pronuclei
the zygote [19]. In one case, we observed a rotation[19]. Because the position of the female pronucleus is
of the metaphase spindle before anaphase. This wasdependent upon the site of polar body extrusion and
associated with a rotation of the cell cytoplasm andthe position of the male pronuclei is dependent upon
cortex (Movie 5).the sperm entry point [19, 20], this observation leaves
Because the orientation of the division planes (two-open the possibility that the sperm may provide some
to four-cell-stage transition) is directly related to thekind of directionality [7]. But, even if asymmetrieswere
orientation of the metaphase spindle, we analyzed theset up only after fertilization, a stereotyped cleavage
orientation of these spindles in relation to the plane ofpattern should take place during the following cleav-
maximal contact between the two blastomeres at theage divisions. Thus, we studied the cleavage pattern
two-cell stage. In the two-cell embryo, the orientationof two-cell embryosby videomicroscopy todistinguish
of the newly formedmitotic spindles in both first dividingbetween the two hypotheses. After the mitotic spindle
and second dividing blastomeres was distributed ran-formed, its orientation did not change until cleavage.
domly with reference to the first cleavage plane, as de-During late metaphase and anaphase, the spindle
termined by the area of maximal contact between thepoles appear to be anchored to the cortex through
two blastomeres (Table 1) (see Figure S1 and Table S1astral microtubules and PARD6a. Only at the time of
available with this article online for the expected valuescleavage, during late anaphase, do the forming daugh-
when spindles are randomly oriented). Moreover, theter cells change their relative positions. These studies
orientation of the twomitotic spindles (in the two blasto-show that cleavage planes are oriented randomly in
meres of a given embryo) relative to each other was also
randomly distributed (33% [16/49] were perpendicular,
22% [11/49] parallel, and 45% [22/49] oblique). Our ob-*Correspondence: maro@ccr.jussieu.fr
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servations do not suggest any systematic pattern of
second cleavage division in relation to the previous
plane of division, whether that be the earlier or the latest
of the second cleavage divisions.
A regular cleavage pattern leading to a tetrahedral
form of four-cell embryos was proposed, first as an
“ideal” cell lineage [21] and then as the results of one
meridional division and one equatorial division [26]. In
that case, the products of the meridional division would
inherit all axial levels of the zygote, whereas those of
the equatorial division would acquire only its vegetal or
animal half [26]. However, the zona pellucida seems to
exert a constraining effect leading to the formation of
more than two third of the embryos with a tetrahedral
shape at the four-cell stage. This was suggested by
experiments in which the topology of four-cell embryos
was compared between zona-free and zona-intact
embryos [21, 22]. Moreover, the topology of four-cell
embryos is variable, two major forms being observed,
tetrahedral and diamond-shaped (Figure 2D). In tetrahe-
dral-shaped embryos, three blastomeres are adjacent
to the polar body and one is not in contact with it (red).
In diamond shaped embryos, two blastomeres are adja-
cent to the polar body (pink and light blue), and two are
not in contactwith it (red anddarkblue). The cytoplasmic
domains in two-cell-stage embryo giving rise to four-
cell-stage blastomeres were inferred from the division
planes defined by the orientation of the mitotic spindles
(in yellow green) at the two-cell stage, and the relative
position of the daughter cells was determined only in
embryos where the polar body (black spot) could be
followed from the two-cell to the four-cell stage. We
colored the cytoplasmic domains in the two-cell-stage
embryos according to the color of their progeny in the
four-cell-stage embryos. We did not observe a regular
pattern, as shown in Figure 2D.
During the course of these studies, we frequently ob-
served a distortion of the spindle during anaphase, lead-
ing to a -shaped spindle (Figure 3A and Movie 5) sug-
gesting that the spindle poles were anchored to the
cortex. Because we observed previously that PARD6a
was localized on meiotic spindles with an increased
concentration at the spindle poles in metaphase II-
arrested mouse oocytes [27], we looked at PARD6a dis-
tribution in mitotic blastomeres. The PARD6a protein is
present during early cleavage stages until compaction,
although the mRNA disappears after the two-cell stage,
suggesting that the protein is of maternal origin (Figure
S2). During the second embryonic cleavage (transition
between the two-cell and the four-cell stages), we ob-
Figure 1. Cleavage of a Two-Cell Embryo Expressing the Tubulin-
GFP Construct Observed under the Video Microscope
The two spindles are both perpendicular to the plane of contact
between the two blastomeres, and the polar body is located in the
cleft between the two blastomeres. Note that if the orientation of
the first division plane would have been checked by bright field
microscopy only, it would have been considered perpendicular to
the plane of contact between the two blastomeres, whereas it is
parallel. This discrepancy is due to the constraining effect of the
zona pellucida at anaphase when the spindle elongates (K–N) lead-




Figure 2. Cleavage of Two-Cell Embryos Ex-
pressing the Tubulin-GFP Construct Ob-
served under the Video Microscope
Images at various time intervals taken from
the movies shown in the Supplemental Data.
(A) Embryowith two spindles both perpendic-
ular to the plane of contact between the two
blastomeres. Note the constraining effect of
the zona pellucida at anaphase when the
forming daughter cells tilt. (B) Embryo with
the first spindle oblique and the secondparal-
lel. (C) Embryo with the forming first spindle
perpendicular and the second oblique. (D)
Different cytoplasmic domains give rise to the
blastomeres in four-cell embryos. The topol-
ogy of the four-cell-stage embryo was de-
fined according to the position of the polar
body. In diamond shaped embryos, two blas-
tomeres are adjacent to the polar body (pink
and light blue) and two are not in contact with
it (red and dark blue). In tetrahedral-shaped
embryos, three blastomeres are adjacent to
the polar body, and one is not in contact with
it (red). The cytoplasmic domains in two-cell-
stage embryo giving rise to four-cell-stage
blastomeres were inferred from the division
planes defined by the orientation of the mi-
totic spindles (in yellow green) at the two-cell
stage, and the relative position of the daugh-
ter cells was determined only in embryos
where the polar body (black spot) could be
followed. The same color code was used for
the embryos at the four-cell stage for com-
parison purposes. This figure is derived from
experimental data.
served that PARD6a was localized on the spindle (Fig- suggests that the spindle sets PARD6a at the cortex at
the end of metaphase.ure 3B, top blastomere). When the spindle elongated
throughout the cell (Figure 3B, bottom blastomere), it The anchoring of the spindle at the cortex may main-
tain a random orientation and avoid any rotation of thewas less abundant on the spindle but accumulated at
the spindle poles and at the cortex facing the poles spindle in response to external cues before compaction.
In Drosophila epithelial cells, Pins rather than the Par3/(arrow), as attested by a z section made in this area
(Figure 3B). The same pattern was observed during the Par6/aPKC complex seems to control spindle orienta-
tion [28]. In neuroblasts, polar Par3/Par6/aPKC appearsthird cleavage divisions, whereas no accumulation at
the cortex or at the spindle poles was observed during to be capable of directing spindle orientation when Pins
is absent or uniformly distributed. Alternatively, the mi-the fourth cleavage divisions (Figures S3A and S3B).
The cortical localization of PARD6a could be related totic spindle may position the Par3/Par6/aPKC complex
over one spindle pole [28]. Our observations show that,to astral microtubules that may translocate this protein
to the cortex. During the two- to four-cell-stage transi- in mouse embryos, PARD6a is targeted to the poles and
the cortex once the spindle is formed.tion, the spindle elongates throughout the cell and astral
microtubules reach the cortex at metaphase (Figure 3C). Thus, neither this study nor that by Hiiragi and Solter
provide any evidence for a spatially patterned distribu-During anaphase, an accumulation of microtubules is
observed at the cortex. Similar observations can be tion of determinants up to the four-cell stage. Indeed
subsequently, at fourth and fifth cleavage divisions,made during the four- to eight-cell-stage transition (Fig-
ure S3C). During the eight- to sixteen-cell-stage transi- there is evidence that it is not mosaically programmed
factors but environmental factors, such as cell contacttion (Figure S3D), spindles never reach the cortex. Thus,
the PARD6a staining patterns during the second to patterns and cell shape, that influence spindle orienta-
tion (and thus cleavage planes) to affect the allocationfourthmitosis correlate with the morphology of the spin-
dles: the accumulation of PARD6a at the cortex takes of cells to the two blastocyst lineages [29–31]. It remains
that, in blastocysts, two localized clonal domains de-place only at stages where microtubules reach the cor-
tex. Moreover, because at the two- to four-cell-stage rived from each of the two two-cell-stage blastomeres
can be observed [32–34]. In two studies, the angle be-transition PARD6a is first found on the spindle and then
at the cortex during late metaphase and anaphase, this tween the clonal border and the boundary zone between
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Table 1. Orientation of the Two Mitotic Spindles in Mouse Two-Cell-Stage Embryos
Mitotic Spindle Orientation in the First Dividing Blastomere
of a Two-Cell Embryo
Parallel Oblique Perpendicular Total
Mitotic spindle orientation in the Parallel 3 (6.1%) 4 (8.2%) 3 (6.1%) 10 (20.4%)
second blastomere to divide Oblique 8 (16.3%) 14 (28.6%) 3 (6.1%) 25 (51%)
Perpendicular 5 (10.2%) 5 (10.2%) 4 (8.2%) 14 (28.6%)
Total 16 (32.6%) 23 (47%) 10 (20.4%) 49 (100%)
The initial orientation of the mitotic spindle was determined relative to the plane of contact between the two blastomeres. The number of
embryos with a given phenotype is shown. Statistical analysis was performed with the chi-square test for independence. It showed that the
row and column variables are not significantly associated (chi-square  2.755 with four degree of freedom; p  0.5997).
Experimental Proceduresembryonic and abembryonic parts was smaller than 40
in about 75% of the cases [32, 33], although in another
Recovery and Culture of Mouse Embryosstudy, it was smaller than 30 in only 25% of the cases
Nine- to twelve-week-old females OF1 (Charles River) were super-
[34]. It was also suggested that the first two-cell blasto- ovulated by intraperitoneal injection of 5 UI Pregnant Mare Serum
mere to divide gave rise preferentially to the embryonic gonadotrophin (PMS, Intervet) and 5 UI human Chorionic Gonado-
trophin (hCG, Intervet) 48 hr later. Females were mated with OF1part of the blastocyst [32], although this was not ob-
males (fertilization occurs about 12 hr post-hCG). Embryos wereserved in another study [33]. Finally, the derivatives of
collected by flushing oviducts and then cultured in T6  BSA [36]one blastomere of a two-cell-stage embryo mix with
under paraffin oil at 37C in 5% CO2.cells originating from the second blastomeres in all cell
layers of an 8.5-day embryo [33]. Thus, the absence of
a conserved cleavage pattern during the development of Time-Lapse Video Microscopy
The pRN3-5-tubulin-GFP plasmid has been described previouslyearly mouse embryo in addition to recent experimental
[23]. mRNAs synthesis was performed on linearized plasmids withevidence showing that the animal and vegetal poles of
themMessagemMachine kit (Ambion) according to themanufactur-the mouse egg are nonessential for development [35]
er’s instructions. The mRNAs were then purified with RNeasy kit
strongly suggests that there is no prelocalization of de- (Qiagen) and eluted in DEPC water. The mRNA (about 10 pl of a
velopmental determinants during the early stages of 0.25 g/l solution of mRNA) were microinjected into the cytoplasm
of late one-cell-stage embryos or the two cells of two-cell-stagemouse embryogenesis.
Figure 3. Mitotic Spindle Dynamics and Localization Patterns of PARD6a during the Second Cleavage Divisions
Mitotic spindle dynamics during the 2/4 cleavage division (A and C) in embryos expressing the tubulin-GFP construct and observed under a
video microscope. Note the distortion of the spindles when the spindle elongates at anaphase (Ae–Ag) and that astral microtubules reach
the cortex during late metaphase (Cd) and anaphase (Ce). Acquisitions were performed every 10 min.
Embryos stained with the anti-PARD6a antibodies during the 2/4 transition (B, B; second cleavage division; n  70, 43 mitosis observed,
five experiments). PARD6a is visualized in green, and chromatin is in red. B, z section done in the region of cortical accumulation, see white
arrows. Scale bar represents 20 m.
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embryos with an Eppendorf microinjector connected to a microma- blastomeres of mouse eggs isolated at the 4- and 8-cell stage.
J. Embryol. Exp. Morphol. 18, 155–180.nipulation system (Leitz). Embryos were kept in M2  BSA during
injection. Embryos were cultured in a 2 ng/ml vital bisbenzimide 4. Mintz, B. (1965). Experimental genetic mosaicism in the mouse.
In Preimplantation Stages of Pregnancy, Ciba Foundation Sym-(Hoechst 33258, Sigma) T6 BSAmedium [24] to stain the chromo-
somes vitally. posium, Volume 305, G.E.W. Wolstenholm and M.O. Connor,
eds. (London: JA Churchill), pp. 194–207.Embryoswere cultured in T6BSAunder paraffin oil in a specially
designed chamber adapted to the video microscope (Life Science 5. Buehr, M., and McLaren, A. (1974). Size regulation in chimaeric
mouse embryos. J. Embryol. Exp. Morphol. 31, 229–234.Resources), maintained at 38C in air in which 5% CO2 was injected
(all the analysis of the effects of this technique were described 6. Rossant, J. (1976). Postimplantation development of blasto-
meres isolated from 4- and 8-cell mouse eggs. J. Embryol. Exp.previously [25, 37]). Tubulin-GFP localization was analyzed by time-
lapse microscopy: a single focal plane image was collected every Morphol. 36, 283–290.
7. Schatten, G., and Donovan, P. (2004). Embryology: plane talk.5 or 10 min (3 s exposure with a 1% neutral density filter). Images
were acquired with a cooled charged-coupled device camera (Pho- Nature 430, 301–302.
8. Gardner, R.L. (2001). The initial phase of embryonic patterningtometrics CoolSnap HQ) under a computer-controlled video micro-
in mammals. Int. Rev. Cytol. 203, 233–290.scope (Zeiss Axiovert 200M, Apple PowerMac G4, Improvision
9. Zernicka-Goetz, M. (2002). Patterning of the embryo: the firstOpenLab 3.5). Embryos can be observed under such conditions
spatial decisions in the life of a mouse. Development 129,until the blastocyst stage and dynamic mitotic spindles can be seen
815–829.in blastocysts. The orientation of the spindle was compared with
10. Zernicka-Goetz, M. (2004). First cell fate decisions and spatialthe contact zone between the two two-cell blastomeres and named
patterning in the early mouse embryo. Semin. Cell Dev. Biol.perpendicular when the spindle was oriented at 90  20, parallel
15, 563–572.at 0  20, and oblique in between. At that stage, a single focal plane
11. Gardner, R.L. (2001). Specification of embryonic axes beginsis sufficient to determine the orientation of the spindle because of
before cleavage in normal mouse development. Developmentits projection on the plane. In all embryos where the polar body
128, 839–847.could be observed (88%), it was always found adjacent to the zone
12. Plusa, B., Grabarek, J.B., Piotrowska, K., Glover, D.M., and Zer-of contact.
nicka-Goetz, M. (2002). Site of the previous meiotic division
defines cleavage orientation in the mouse embryo. Nat. CellAntibodies and Reagents
Biol. 4, 811–815.The rabbit polyclonal antibodies raised against the PDZ domain of
13. Piotrowska, K., and Zernicka-Goetz, M. (2001). Role for spermmouse PARD6a were previously used and characterized [27, 38]
in spatial patterning of the early mouse embryo. Nature 409,and were diluted respectively at 1/500 for immunoblotting and 1/200
517–521.for immunofluorescence. The FITC-conjugated anti-rabbit Ig anti-
14. Plusa, B., Piotrowska, K., and Zernicka-Goetz, M. (2002). Spermbody was purchased from Jackson Laboratories and was diluted
entry position provides a surface marker for the first cleavageat 1/80.
plane of the mouse zygote. Genesis 32, 193–198.
15. Zernicka-Goetz, M. (2003). Determining the first cleavage of the
Embryo Fixation and Immunofluorescence mouse zygote. Reprod. Biomed. Online 6, 160–163.
Embryos were placed in specially designed chambers as previously 16. Johnson, M.H. (2003). So what exactly is the role of the sperma-
described [20]. After centrifugation at 450  g for 10 min at 37C, tozoon in first cleavage? Reprod. Biomed. Online 6, 163–167.
samples were fixed in 3.7% formaldehyde (BDH) in PBS for 30 min 17. Gardner, R.L., and Davies, T.J. (2003). Is the plane of first cleav-
at 37C, neutralized with 50 mM NH4Cl in PBS for 10 min, and age related to the point of sperm entry in the mouse? Reprod.
postpermeabilized in 0.25%Triton X-100 in PBS for 10min. Immuno- Biomed. Online 6, 157–160.
fluorescence staining was performed on fixed samples by incuba- 18. Wolpert, L., Beddington, R., Jessell, T., Lawrence, P., Meyero-
tion with the anti-PARD6a antibodies in PBS/0.1% Tween 20/ witz, E., and Smith, J. (2002). Principles ofDevelopment, Second
1.5%BSA for 1 hr followed by incubation in the secondary antibody Edition (Oxford: Oxford University Press).
in PBS/Tween for 30min. DNAwas revealed by incubation in propid- 19. Hiiragi, T., and Solter, D. (2004). First cleavage plane of the
ium iodide (5 g/ml) for 3 min. Samples were observed under a mouse egg is not predetermined but defined by the topology
Leica TCS-SP1 confocal microscope. of the two apposing pronuclei. Nature 430, 360–364.
20. Maro, B., Johnson, M.H., Pickering, S.J., and Flach, G. (1984).
Changes in the actin distribution during fertilisation of theSupplemental Data
mouse egg. J. Embryol. Exp. Morphol. 81, 211–237.Supplemental Data include three figures, and Supplemental Experi-
21. Graham, C.F., and Deussen, Z.A. (1978). Features of cell lineagemental Procedures and can be foundwith this article online at http://
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